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I. ABSl"4CT 

5-/7/ 
%%e twenty-five VO-SO 181s hrumticatly sealed nickeP-srdmitmr cclPs 

have bean fabricated, cwhetely checked out, and shipped 20 Goddard Sperm 

P l i g h t  mater. 

Y e 6  ?E call41 on 8 SOX depth conttnwuo 90 mtauee period cysh 

have reached cyclo nudmr 282s 8d tb cyclhg continues. 

The thooriar which b v a  beun progcrudcd t o  explain tbs lppcchsnism 

of the reduction of q g e o  at the cadmium sleceroda in aaoled nickel-cadmium 

b8tfC.riefl hme h e n  reviwl.d .ad crftiCrrl1.y emairzed. 

pounded thorp i 8  that of 8 paroxpt ion ~ c h n i a m .  

have et our dlrpwal ,  we concludm that the parowif mchanism camwt h 

untquety s u b e t M t l a t d ,  .#i in f e t ,  there 9s definite evidence against Lt. 

WC hnwm therefore propeed 8aotheo mchani8ra which f i t8  all rhs available 

&ea3 and describe experinmatal work directed cat eubstaatlatltng thin pro- 

p e d  mschaaism. 

The most strongly pro- 

Pram the information we 

0 

Cell efficiency rtudbr were comucted ne relatively law tempera- 
bY tures and char- rates, bug Qtermiaing (11 the charge input necessary far 

0.8 evolution, (2) the self-dischuge r8te of :he poaltPve after charge, 

8nd (3) the recoobinrtlon rrtm 8f-t axygen pressurization. A t  law temper- 

.turea, the order of dep.pdrmcy of charge input required for gas h f t i 8 t l O B  

upon charge rate was ianrted W ~ Q  c e r e d  wfth the order for the same 

r8t.e at higher temper8ture41. 

fold increase in charm rata and for a 40 - 5Q0 rise in tenprarature. 

l tm  sabf-discharge rates doubled for 8 two- 

¶%e 

recombination rates appr8red t o  incre8se wfth tmperature. &@-A 



Production of the prototype8 of t b  VQ-50 Ms cell is completed, 

To date, 25 cell8 have been @hipped, 

gerforpence has been excellent wt;h capcities averaging 56 

-re-hauro. 

bly,  some d i f f i c u l t i e r  were experienced tnttiailfy fa cell  rssasbbg, With 

s u m  ii&iZi==!Aezs (CI mchanial parte, the crs8mbfy techniques have been 

greatly improved, 

Because of the n8tuta of the Iargpr seal a d  cover atmew 

Table I ehowa the complete electrical performance of the VO-50 

HS c 6 P h i  ehipped to GoddPtrd Space F l i g h t  Center for ett lust ion and test .  
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A set of VO-6 niS cells w88 p18cad oa automatic cxcling on August 

20, 1962, at  8 SQZ depth of diecharge, 8d B. SQ minute cycle, T h l a  cycle 

coneiatrr of a 35 minute dioch8rge a t  5.15 sempcrcs followed by 8 55 minute 

charm et 3,86 amperc8, which corrarponds PO an 18% evercharge based ou 

capacity rcmwred. A typical plot of cycle number 2825 is nhowa in Figure 1. 

Figurre 2 i s  8 plot  of  t b  and-of-chop and ead-of-diech8rge 

voltages v(1r6u8 cycle WIPpbar. There 8re av@rags. valves calculrttd e8ch 

day. There 18 a downward trend ia the end-sf-discharge voltage point, but 

8 sllght adjuatamnt in the c y c l i a  current should rec t i fy  th is ,  

of-charge voltage haw nuyod .bout 1.53 for the last 8000 cycles.  

ing w i l l 1  continue on the same 90 m i n u t e  cycle, 

The three experimental "TO-6 Hs cells that remained on cycle 8t 

The and- 

Test- 

a 7oX depth and a 90 minute cycle, and head completed 1500 cycBe6, were 

taken of€ cycle shortly thereafter. A t  cycle 1583 one of the cells dr ied  

out 8rrd f8ilsd during the weekand. The reminir.g two cells developed high 

presoure a h c e  the balance of charge-discharge currant was upset. 

cells had been on 8 35 m t e  discharge 8t 7.2 empercs aQd a 55 minute 

charge at 5.5 up .r tr  or 8 202 ovarcbrge. One cell fa i led ,  the other 

two were dlmcharged at 8 lower rate 81td cbargtd &e 0 higher rate, result-  

lug in  high preo8ure0 

These 



When oxygen 18 consunud in a fue l  cell ,  the potential of the 
1 

electrode i s  approxinutely 0.02 volt8 ~lbr8u8 Ehi! @/HgO, ROE elacrtsde, 

The oxygen consumption react ion in t he  nickel-cadmfum baetery occursi a t  

the crrdaium electrode at  8 potent ia l  of -0.YO Volt8 vcreus the HgbHgO, KOH 

electrode e 

The potential -0.90 wolts is t ha t  S ~ E  the cardmfum electrode which 
2 * 

is tabulated in Ut-r ab -0.80 volts , the  difference baing that tb 

Hg&O, KOH electrode l a  ebout 0.1 vol t  mora p ~ a i t l v e  than the ba8k hydro- 

gen electrode. 3 

Because the potential8 at which ahs rcdtatctlon of oxygen occurs 

in the8c two r y s t e m  is 10 diffurent ,  one is Isd t o  suspect chat the me- 

chanisms lory be 86 d i f f e ren t  8s the potentials.  Also, the electrode mater- 

ial upon which 8 re8ctioa is occurring may haw@ specific ca ta ly t i c  efd-ccts. 

For inrstance, two oxygen reduction wave8 were found at the dropping mercury 

elactrode in 7,2n aqueous po tas s im hydroxide. 

however, at  8 ro ta t ing  gold electrode. 

No such wave8 were observed, 

Instead, with small cathodic polar- 
4 

hat ien,  a maximum in current w a 8  observed similar to t ha t  observed by 
5 

Brczi%sr durl-  the taduetion of oxygen adsorbad on Pt by dissolved hydrogen. 

An understaadiag of the mechanism governing the reduction of 

mgea et the cadmium electrode is pertinent because th i s - r eac t ion  is opera- 

tive i n  the h e m t i c a l l y  sealed nickel-cadmhm cell. 8aeicaPly, one needs 

1. J.  E, Wynn, Paper delivered at E.C.S. Meting, Detroit, 196%. 

2. W. L a t h r ,  Oxidation ~ o t e n t i a l s ,  Prcatlcs mil, E3. J0, 1952. 

* 
3. 

4. 

5-  

signs l a  t h i s  report  are basad on the Glbbs-Stockholm Convention. 

H. Barak, et  alia, Paper delivered a t  EIC,S. Meting, M t r o i t ,  1961. 

Gulton Industries,  Inc., Signal Corps, 6th.  Quarterly h p o t t ,  Contract 

He Brai tar ,  J. Electrochem. Soc. m, 425 (19623 

BO. BA 36503’3 S6-85390 Ikt. 1961. 



t o  know whethem: the  rcoc&ton is rate conerollbed by oxygen t ransfer ,  or by 

the elscerschemL~1 proceea, 

in a greater overcharge capabili ty.  

Appllccrtion of this knowledge w i l l  r e s u l t  

x t  is fiplportant to mte how such c ~ a r c i a l b  cadmium oLtcerrodas 

are fabricuted. A nickel pawder haviag a density of approxhats ly  uni ty  

(the =tal i t s e l f  ha8 a density of 8.9) i o  sintered up011 a conductive grid.  

ihc gr id  i s  u8ually nickel or nick81 plated co ld  rolled steal. 

of the  s intered rmus i s  in the order of 80%, 

into the sinter and couverted iuto crdmiun hydaexide. 

osity a f t e r  procersisg i8  reduced to rpp roxbe te ly  50%. 

olectrod% l im to be r 0 ~ r d . d  as a bielrctrodlt consisting of an inert metal 

me porosftp 

Caaxlhum salts are impregnated 

The raeul tan t  por- 

Thus, the a d m i a n  

electrode and the W/Cd (OE), electrode. 

It is well-known t h a t  a charged od electrode rmo‘v-ed from the 

It ir, el80 w e a l -  e f ec t ro ly t e  8nd held in air igniter whdle  drying out. 

k m  that a vented type cell 2 b t  contatras a one-way valve in  a f l ex ib l e  

case becams concave ecveral d8ys r f t e r  charge. 

due to 8 reac t ion  between the atnmrphere within the cell  and the electrodes, 

par t icu lar ly  the negative electroda. 

ozcygen aro evolwed from ruch cell8 and w i l l  s3mp out the sir, 

This concavity is presumed 

It ehould be noted t h a t  hydrogen and 

6 Jaanirw reported that sintered adeltarl electrode@, not containing 

ac t ive  nrertcrirl, closely spaced evolwed l ees  than tho theore t ica l  quanti- 

tie8 of garas. 
7 

19cumann and Gottesunn reported chat oxygen is t ransferred by 

tha $as p h u e  and provided for *l+loctrolye% frefa gas p88ag%s’’ In the eep-  

rator, but neglected to provide a method for determining their preoence. 

60 B. A. Jeanine, Patent 2,646,455, July, 1953- 

7. G o  19auop.m and V, Goetesp;~na, 13.5, Patanl 2,571,927, OGC. 1951. 



7 ,  

8 
mars put for th  a theory tha t  included bath g~aeeouo tramport 

of oxygen, or, in &be case of small. interelectrode d is t~~nCe8,  (P bridge 

which cons t i tu tes  8 short  circuit .  of sach m@tvde as to support the 

current sad the existi- (it is p r e s d )  pressure ies  ehe cd.1. 

rbrts were t o  b u m  themselwen o u t  on curreof h&rrupkhne 

was later ab8ndomd by Burs 

t h a t  of Btrll 

tUt Burs did mt report an exporinwnml f h d t n g  of peroxide. 

uring the senritive tit.rorrta tart w88 not able te  detect peroxide. 

These 

This theory 

in favor of a pe?rox.yl aeclmzrism oimiltio t o  
9 

10 for the fwl cell oxggsn electrode. It ehould be noted 
11 

Flei icher  

12 
Following Burs, b b p r a l t  8nd vom Dohran COWUP in a peroxide 

nrechaniam theory. Agaia ,  #, d i r e c t  experfmental &idea- waa found to 

demonstrate peroxides f-d in the c e l l  while oxygen waa beg- reduced, 

The st roageat  orgunant la favor of this michanksxg w18 t ha t  the potsntl.1 

of t h e i r  unimpregaated s i n t e r  becnma -re posittve when the oxyea pressure 

was increat~ed, 88 happen8 with the fuel cell oxygen el@ctoOdeo 

Bur8 nclparated the function of the Cd metal  end the l a i c h l  

s i n t e r  in an ingeaiouslp simple manner. I%? mm2By hzixmaed Cd under elac- 

t r o l y t e  and "floated" 8 8iat8red nickel mass OE cop of ehe e k C t P 0 l y t e e  

Thare two electrode8 were colaaacted through en amter ,  When oxygen W8B 

reaching the nickel -8, current flowed, In aweher exgeri.men@, having 

two unfnrprog~mtcd aichrl sinters clorely spaced but sagarated by an elec- 

t r o l y t e  mis tenad  amprator ,  conducted in an a c ~ ~ s p b r s  of oxygem, ha W 8 8  

ab le  to show t h a t  current could be psred without a change in  oxygen 

11. A. F'laiecher, private Camuaication. 

12. KO Dehmslt and H. von Doken, Proceedings 13th. hnuaf. Power SOurCeS Conf. 



and t h a t  the rssction took place on metall ic afckd eites. 

Dahmlt and WE Dohren” ran experiments with urshpregnated 

Fhey too observed ebe reaction occurring at nickel a i t ea ,  cathodes. 

cel l  was congtructed in these leboaatoriee coaeistisng of  nickel oxide elec- 

trode. and unimpregmted cathdes, 

steady prrssure w u  reached, indicating 8d agreeing with the previoua In- 

ver t iga tors ,  that nwtrrllic Cd is not nmeded in u crrtoin instance to affect 

oxygpn reduction. The inrum i a  overcharge. Ae w i l l  be seen later, how- 

ever, aetallic Cd is  arrded for t h e  bulk of the  pressure decay during open 

A 

hriag otrerchaogtag, bl sub82satially 

circuit. 
13 

Quintin a d  V i l t a q p  conducted expsrrixnents wich elactropolished 

M i  h r m d  in e lec t ro ly te ,  Currents up to certain valuee for each inter- 

electrode epaclng could be pu8.d without e l teriq the oxyen pseesurs 

within the all ,  They Toad two dirtinct regions which t h y  f e e l  correspond 

to a rapid diffusion of -oxygen from the maode to cathode a t  smpl1 intarrelec- 

trod% spacings, regios 11. The other region, occurs when the electrodes 

a d  then redissolves In  order to reach the cathode. 

Receat Exparimentr 0 It l a  fairly d i f f i c u l t ,  i n  practice if not in principle ,  

to run invastigatione on the oxpgrn reduction react ion in ceB1s. The d i f f i -  

culty I s  due to the self-discharge of the positive e16ctr:Odes which occur8 

at a sub.tanti81 rata for approxisately om-half to several  hours (depending 

upon charge rate and temperature) followlng charge interruption. In spite  

of t h i s  inherent d i f f i cu l ty ,  stam information on Ehc reaction was obtained 
14 15 in cells , and were l8ur conf i rwd by o t h e r  was*mrs in these laboratories. 

14. Buh3m IPduStr%cias, Inc., S i g n a 1  Corpe, Final Report, June 1962, 
DA 36-039 SC-85390 

14. &Iton Industries, Inc, AF m c .  DOC. Report Boo ASD-TDR 62-67, Apri l  1962, 



9e w a s  shown that 8t oxygen prereares gxsaeex than abaut 2/3 ae- 

0 morphera the oxygen decay with tlme i s  remf-lagarf%bfc. '$his indicates 

tht the msrsticm l o  f irst  order w i t h  reepce to oxygen and zero order with 

respect to Cd. 

lmeutatioa. 

There obsenratione were coafbmed by even mre direct  exper- 

In 0- evan more recent work, it was found that t b  regton 

W d e d  to interpret the ma.plw of thlm finding. 

Data were also obtained lgdlcmting that the specific heterogeneous 

rata crsnstants 

rete constento duriw open circuit. 

ovairdmrge are w e 8 E B t o t h P D  the epeclflc hetcrogemar8 

hdirniamrp current-voltage studles lndic8te an absence of 80 

oxymn wave at the cathodic nickel elactrode". Cozfiwlng th2r lack of 8% 

diffusion wave is the f8Ct th8t tha activation eraetgy for the process is 

virtually iadepmient of temperature I ta  V ~ ~ U Q  is  5-07 kcat pat mole 

over the range of 25 to 40 C, 

- Discussion 0 TIm theories ext8nt &a the literature do mt SRtiSf8CZOr%fy 

15 

0 

axplala experSnmnta1 obrarvatiom mmde on cal ls  end on esg6neive electrobe, 

L e t  us fbst dlscurr the theory coacernia cshort circuits. Io: would, Indeed, 

be fortuitour fer a "high resistence" rtmrt cixcul& to axcur that will just 

caapnsmte for the matf-discharge of the F Q S ~ ~ ~ V E !  elect~s&s, the voltage 

of elm ceB1e, end then 

intmmiblzato 

prearura. Ibn like%y shorts m y  form that are 

When the voltage etartr to fa l l ,  the short w i l l  break, 

Under those circumst~lrces o m  shouXd be able to 8 ~ l g  tbe nolea on an orcillo- 

wt be a u u e d  uniquely by rhorts. Bubbler of ~ E B S  forming on, and leav- 

not Indicate ialcrrmittaant rhorg., nor doer it isadPCate gas bubble formrtisn, 

16- Uapubliohed data obtained in those hbmetoPls6 



8tant  during overcharge, although it doc8 predfet the op%a circuit reaction 

of a proxy1 vave can not ba explainad in rhase terms. 
X8 

S h c e  th. 8vl&nce ir rouaSfag that the reducttoin of oxygen ie 

the 09chaxSe of ions i a  solution when the pteatial is fixed. 'Elm- dia- 

churmd &oar w i l l  be .bcntb.d on tb surface of the electrode, Since an 

aquil8brium I 8  mt set up w i t h  g w u ,  tha equilAbaium is probably set up 

between t h  rurficc coneeatration of ad8orbod gas aad the concentration 

of ghs d i s c b a r g o d  iona in 8olution. 

with th. chaagm of potanti.1 ie  asplaiaed. 

greater than tb. decorposition potential tlw SUrfa6e will bacnrnr saturated 

In this  way the  currene associated 

ES the applied pocenti.1 is 

and gasee will be .velved fram the elactrode, 

17. Gbltoa Industries, Inc. Si-1 Cow8 Report, 4th. Quslrtebly, Juw, 1961 
ab 36039 SC-33390 

180 Go Bianchi, ab alia,  U.S. Cbver;srent lbeaarch Report8 AD 278690, abstract. 



The line corurecting the Gd to the fli represents a short circuit as it e x i s t s  

in the  rystem, 

pores of the electrode which iS r intered nlckeH. 

KOH, covers both the cd, Cd (0HIz mixture and the exposed nlclkbl, 

That is, 8 mixture of Cd and &I is contained in  the 

'Bhe e lec t ro ly te ,  aqueous 

Oxygen reach- the nlckel surface a t  any point where nickel is 

cowred by e l ec t ro ly t e  react8 with the adrorbad hydrogen and thereby upoets 

t h ~  equilibrium betweem the rurfaca coverqge and the solution, But the Cd, 

Cd (OH), electrode buffere the voltage, i n  P sense, and addi t ional  Cd is 

converted i n t o  Cd (OH), while bporieing I3 atoms on the n i c w  eurfoce; 

'. Cd 4- €&$I .-*&I -+ 2H. -b 29" 

Z I P  f h" (Hi ) -+ZH 0 H i  

rphe react ion ba%wraen oxygen and the adsorbed hydrogen i o  not rep- 

resented since we h v e  110 concept, excopt a nsgattve one, about the r~achanimn 

Involved. Braiter has shavn that an electroct.mica1 reaction between ad= 

sorbed O X Y ~ Q  and hydrogen exhibi to  a murkntn rate at  an i n t e m d i a t e  poten- 

tial. ff  the rate of this reactioa is propoatforsl to the surface area cw- 

ered by oxygen, 0,  rod to t b  surfme area covered by hydrogen, l+, a maxi- 

mum reac t ion  rate would be obamrved when e Q 0.5 .  This has not been observad 

on 101, although it was found on a gold elastrode ia 7.21 KOPI. 

there io s t i l l  a lack of evidence concerning ehe mechanism of the react ion 

S 

Therefore, 

b8t-n hydrogen a d  oxymn at  the eurface. 

Tl~ua oxygen cog be reduced at  any place where the conditions are 

briw open c i r c u i t  the react ion sites are elemental nickel appropriate, 



I 

which is at  the potential of the cd, Cd (0.el;2 ~-'-c,ctxx~Jc? and stmared with 8 

fib of dec t roPy te ,  Yf we considm tha t  the clecerades are closely rpced 

and the separator and aclactrodea are asmmtia l ly  saturated with e l ec t ro ly t e  

then the rraction site. are l imited to the edge of Eb elactxdes, the back6 

of the end electrodes and :he taba and term=L.a:%b. 1% electrode faas  

corered by scp.rater w i l l  reprerent long path through which the oxygen 

n u ~ k  tr-i. 

ohortest path" which ir the film. 

-_ ir im mcb mare l ike ly  for tha r~6~ccion EO occur Through C-be  

When R c a l l  is glrced on overcharge! QX~@?B can csntinue through 
13 

th &u phase, In addition, with ilatetelectrode distances of 0.2 or l eer  , 
oxygen C.I\ travel d i r ec t ly  fran the anode t~ t h e  cothgl:o&, ef fec t ive ly  in= 

creasing the mdmr of reaction ei9.s.  

.d Rmouired Bxmrhlrtal Proof I- - The theory given rabovs will account Ilor the 

obssnrcations mapde on saabd cells, on negativat electrodes, and on unimpreg- 

m t s d  alee trades 

At the p n u u r e r  to vhtch t h l e  theory ir; applicable it Ps readi ly  

uudarrrtood why the rate is independent of the  BIXJUICI~ (or state-of-eharga) 

of the negative elcctrodm whether the electrode otate-of-chatge is) altered 

by discharge or by reaction with -sen. 

proportional to the amount of oxygen a t  the mmildraolutiorr interface, 

Cd, Cd (OE) 

-rely replace the hydroma removed, 

The rt.a.ctioa w i l l  occur et a rate 

'IRrt 

electrode, which doe0 not polarfee urxler these conditions, w i l l  
2 

The rate of the reactIan w i l l  be d o ~ e n d e n t  upon the number of 

o i t e s ,  or electrode area, at which t h e  reocti.cn wtll occuro 

be terzsitiva to the -at of e lec t ro ly te  within rhe cell.; mom slecfzrolyte 

fchuta it w i l l  



9 

A lw activation e m r g y  nurely neaw ehot the reaction a n  occur 

et a eignificanfly rapid rata at l o w  tempe~etzurcs. 730 constancy of the 

aceivaeion energy mer tho 25 to 4OoC taaga is wt PnaoasioCeprt with a 

chsaaicel proatso. 

While the theory proposed above doe8 €it &he obrervartlom drawn 

from may oourcei, armin proofs m e  be obtahed.  These prwfs m8t be 

correspond to the rea- 

Equation 1 i o  amre1y tbe electrocbsapical process of discharging a proton 

which i o  adaorbed 00 tln electrode. The rate at which thls  process pto- 

ceedo ia @veri by tb. current i, ~ h % r  process ~ 6 9 2  occur only with current, 

that is, l t  cu1mm-8 with current flaw 8Dd ceases wbth interruption 88 in  

any ehctrocbalcrrl proceoe, muat ion  2 I s  E c?xmical process chat w i l l  

proamd at  a rate &poad.nt only upon the s u ~ 2 a c a  concenttatim of adsorbed 

at- sad the pert-1 pressure of oxygen, 

represented by equatfog 2 p.uracCMd8 io slawar chan the race at which that 

raprerented by equation 1 proceedss then two ptsdlct%oas can be made. 
* Equation 2 dogs not purport to represent a zrechenienr, but mcrely 

giVOt3 the m r a l l  process. 

LE ehs rete at which thre pasmss 

PhQ 

~ a u a t i s n  1 Ita mckantbstic. 



f lret  predlctim is t ta t  L E U r .  w i l l  be 8 lag i n  oxygen coaeumptisn before the 

steady oxy-a consumption rate l a  reached, 

tion of H atom8 on the nickel 8Urf8C@$,  

¶?tis corresponds t o  the deposi- 

"b second prediction is that Oxygen 

will continue to be conrwmd after current iowrzuption, 

to 8 deplation of the hydrogen 61rUdy on tk M i .  

bo 8s espec ia l ly  per t inent  t e a t  of the  tbetey proposed hereinq 

%'hi6 correroponds 

Thdee prediction8 w i l l  

Another set of proofr would be the imaa t iga t ion  of pressure 8s  

8 function of the amount of e lec t ro ly te ,  several ett~mgts were me& Brevi- 

-oualy,  but 8ro unmli8blm rime the rtate~of-chsrga of the electrode i8 
A .  

rltrred when the cell i a  weatad. Although tho @is phase reaction is un- 

8ffect.d by the state-of-cbrgo, there ie a poseibZllty that the more &me 

Cd allows -re react ion siter to bo av8ilrblie on the electrode surfaces  covo 

@red by the separator and electrolyte. It hsra already beam found that a cell 

C.0 be made t o  perform o u l e d  oven when the mgaeive electrode ha8 Uken 011 

the charge it can accapt. 

whilo ovorcoaiog th i8  canplication. Therefore, c a l l s  def ic ien t  in electro- 

It ir axpected tha t  th ia  exprimant  cma be run 
0 

l y t e  w i l l  be prapared. Thoy will be f u l l y  charged vented. Wrey am then be 

tv8cuated and oxygen put in just before the calls are returned to charge, 

When steady presaureo are obtained, additional e l ec t ro ly t e  can be added, 

and oxymn to replace t b t  b8t, can be pue into cell, 

Tho th i rd  set of proofs, which laars already bhan done, is to 

f8bricet.e flooded naled cells, 

the aolut ion 8ceording to the theory, and based on the currcn$-voltage 

curVo8 8Pd Quintla 8ad V I l t 8 ~ ' r  obeenmtistls 

seeled cells can be *de operable. 

a& a d  this goes into s o l u t i ~ n ,  8- must go dato the  gas ph8se in accord- 

ance with &rrpyBs Lawm 

Since O W ~ ~ R  can be troasported through 

a3 
,, one can predict that flooded 

S i m ~  oxygen ia being generated 8t th 

While th is  is occurrlrkg, the mount of oxygen reach- 



ing the cathode vi11 be inauff ic leat  t o  preveiat charging. Consequently 

0 hydrogen will be evolved. I f  one w 8 i t r  long silough for t h e  appropriate! 

gradhats eo evolve, 8nd vents t he  cel la  to  purge the hydrogen then sealed 

flooded cells rhould be uta&. Greupr of 4 t o  5 such cella were made on 

three occaaioaa. Thlr coswtltutes rufficleene: proof of t he i r  preparation, 

aud helps substantiate the  theory. 

P Exmrinrelraeal 0 The p o l a r h a t i o r  circuit c o ~ i e t e d  00 a t r a n a f o m m r  which 

steps up the AC to 350 volte. 

tube, f i ltered a d  regulated to 105 volt. with an 082 mercury v 8 p r  volt8ge 

ragula ta t ,  Ftac output waa then steppad down thrsugh a resistor and a Zener 

diode (Hotor018 Cataaogue Uo. &M2.482) which supplied a regulated l . 5  volts, 

T h i s  was r ec t i f i ed  through 8 6 . ~ 0  Vlcuum 

# 

A Spectral Xodeb 810 ten turn ptacirion l+near pzeat:lametcr having  c) re- 

siskmno~ o€ 100 obns w u  conneetad 8cro88 tha Zener diode, 

nie motor waa ured to drive tbe potentiometer through a %:I gear t r8 i~ .  

This 

A 1 r p  synchro- 

A 8htmt w88 PI-d In  the poait5.ve ‘la8 of the c i r cu i t .  
0 

rhunt was % cCallsraA Radio Docade Bnaistaace?! Box. h e  currant wa8 read on 

the Y coordinate of 8 Homely Model 2A X-Y racotder, 

8et on I t s  most ecneitjlve range (5mV f u l l  ScaPc) 80 tha t  the patentiometris 

feature of the InetruPrent could be used, 

The recorder was always 

(See Figure 3) 

The posftivs electrode, the counter a%ectroda, was a 0.005 inch 
2 

platinum f o i l  having a relatively Barge geometric-surface arc&, 63.0 cpp 

The rAeg8tive terminal of the pover supply was conmecbd t o  the 

t e a t  e lectrode 

A lPgtcury, mercuric oxl&#KOII half-cel l  was u8cd eo determine the 

cathode potenti8t .  

X-Y recoxder. ’Elm reference elactrode wae connected to  the eyetua using 8 

Luggin capill8ry.  

The potential W 8 r  recorded on the LE soordinaate of the 

0 



The e l ec t ro ly t e  used woe ideaticab wirh ehac employed i n  the her- 

metically s c a l e d  nickel-cadmium cell,  34% aquews potaarsiurp hydroxide * 

Electrode Preparation 0 t%8dc B nickel wire of 0.0489 a. dbmneter w 8 e  

acaked into il soft alas6 tube. 

leaving a ~ o m c t r i c  eurface area 0f 0.19 cm 

%he exposed Jtnggh of wire WLLB cu t  to 1 an. 
2 

Y h  electrode w86 rschsnicmllp cbeapnd e0 rerQc% the blsckcrvd 

oxides cawed by bet sealing into glans, It was degrcrsecd in acetone 8nd 

8ir dried.  

to be reproducible, and this treatment wa6 8bBRdBmdo 

Bltric ac id  c l e a ~ i n ~ )  did not p m b t  the curreat-voltage cumes 

The in i t ia l  rum, cothodic poIariurlnns,wcrc not reproducible. 

A h r r  t w o  runs, the subsequent c a t h d i c  pslarlrations are very reproducible, 

Bemesa r u m ,  the electrode ka kept on open cirrullb u n t i l  i t  reaches the 
l V d s  

potcratial that it had in the previow run. 

The porous electrode wms cut from an unhpregnsnted s in t e r .  The 

diPrtan8ioas were 1 em. by 1/2 emo The termfrmtion wa8 the nickell gloted 

a t a d  tab. 

solved i.n -thy1 ethyl btoae In or&r to  ~tog=*off the exposed steal  g r i d  

The edger of the  electrode were teated with polyatyxcnr dis-  

d e s .  Thir electrode w u  degrcosed in acetone prior to appl icat ion of 

t h i s  rtop-off lacquer. Thia edge-coating process is identical with thot 

used in cells. 

8ry cathodic polar izat ion before eubroqwnt suns are reproducible. 

ever, ttse s in te red  electrode does not require  a waitlog period before the 

mxlt ~ U R  La mads. 

The sintered electrode 8180 requires OM or two prellmino 

How- 

The nickel w i r e  electrode wae rocatad ae 600 r p  in several 

experdDDbnta ueirrg a S8rgsant Synchronous Rotator. 

TO sweep out a l l  g8s which may fn?erfere, tank nitrogen was 

used a8 a purge, 

gas dlsprs ion  tube, 

The and of the tubulatiora con$oincd a s intered glass 

Experiments with air (I? = 0.2 srtm,) were done by 
Q2 



atFnching a compressed rfir liae to the g.0 d%spe,rsian tuba. 

with oxygen were carried out uo$r@ tank oxygen gar. 

done a t  roarq temperature (27O to 28°C), 

LL- Reaults 0 current=volt.ga curve. (polarsgrms) of li w i r e  microeilec- 

tr& obtained in a r e l r t i w l y  oxygen-free electrolyte ere ehown i n  Pig- 

ure  4.  

run, but the purgiag w a i  .topped j u t  before the run wa0 s t e r a d ,  

Experiments 

A l l  e x p e r h i n t s  ware 

rtre e h c t r o l y t e  was purged with M2 for IS minutes prior to a8ch 

This 

par t icular  run was reproducible 

data obtained, O t h e r  exampleu, 
5- 

1.0 vo l t  are E ~ W P  Sa Figure #. 
re to  of data shawrr in Figure 5. 

and the f igure io only orre exampla of the 

in which the voltage was not driven above 

"he sero has beera displaced i n  the t h r e e  

3% lowest curve8 in Figure 5 rcpxesrnt the i n i t i a l  run, and 

it c8a be 8-1 that tksst, reau l t r  are not in agreement with the other two 

i n  Figure 5, 1Lor with t h e  resul t8  in Figure 4, 

#e the potential of the Cd, Cd (OH) electrode, -0.90 volts 2 
(obtained by direct w.oulrmnf), the average current o t  the uns t i r red  

electrode is 39.5 ,+ 1.3 d/cm 

the current a t  the a- potential increares to 43.3 2 2.6 uA/m . 
2 When the electrode bs rotated e t  600 r p ,  

2 

fa Figure 6 the current-voltage curves for the s intered nickel 

e lectrode are shown, The upper a d  lower curves indicate the reproduci- 

b i l i t y  obtained. Qualitatively,  these polsrograans for t h e  sintered elcc- 

t r d e  arc aimilar ta those obtaimd a t  the e d t d  wire electrode. Ph.t is, 

t h y  do show a typical  ac t iva t ion  controll.ed type process, Quantitatively 

there are differencei  between the two kinds of e l a c r ~ d e s .  

t h e  current through the elactrod. is 406 2 31 uA/cm e 

Ae -0,90 volts, 
2 

The area is based 

OQ sometric area, 

At -0.8V (the current at the sinter is 188 ,+ 25 uA/cm 

$his ia 9*4 t h e  greater than OQ the wire electrode, 

The ratio i n  t h i s  
2 



C sa is 38, The differancer may =re ly  be due t the Pact Chat the d8ta 

i r  obtained in 8 t r8nei torp 1D.P116ra pol8rographbcstlly. 

The e f f e c t  of oxygen on the strttismtg micted.sctrode wa8 deter- 

mined during the paat quarter. 

lowest curve reprssenee the sam kind of r eeu t t s  as shown in Figurea 4 &ad 

5 .  

run ag i t a t ion  waa achieved by vigorously bubbling nitrogen through ehe aolu- 

Them trrauIe4h are s h a m  in Figure 7,  She 

Xaa the aarlier r u m  s t i r r i n g  was achieved with 8 motor, while in this 

tfga with the aid of 8 g88 dirperrion tube. 

volts are in goad 8Weamnt. 

Kmea thae the current at -0.90 

The run in which tha parti81 ptcsareurc of oxygen i o  sat 0.2 atmos- 

phcrer w a s  obtaiaad by introducing campressed air into the solution. iha 

current density Incrwaed, at the potential  of i n t e r t a t ,  from 47 t o  50 

uA/cm 0 

2 

w h . ~  the solution i 8  r r turatcd with oxygQa e t  8 yartial pressure 
2 

of .om atmoephan, the current is incraasad to 60 d / c m  

~ i o c u a a i o n  of gesuleo - During the past quarter the appiratus wag rat up 

a8 indicated. 

data without uwarraated polarization of the rafennm electrode. 

She 8pprstus W 8 8  modified u n t i l  it w 8 8  po8Sibls to  obtain 

The d8U reported .tu, of Co\ l tSe ,  snly  tha f i r s t  xa8ulta obtained. 

The shape of the Curves for th. e lec t ro ly te  saturated with oxygen at 1 

atmaphere do88 not Indic8ta 8a oxygen Wave0 Instead, the presence of 

oxygen merely increaser the current a t  these potentials i n  which we are 

fatereeted. 

earlier. 

fo tcn t  manner, t b  observatioru, of bb1t and von Dohren12 are also in 

evidenceo 

T h e e  obrrrvaeiona are C O X U ~ G ~ ~ A ~ L  vieh She C ~ ~ E Q Z ~  ptasmated 

It ohould also be noted, that i f  o m  l o o h  a t  Figure 7 in a d i f -  

If the current is kept const8nta which we CPQ perceive by us- 

ing 8 current t i e  l ine  between the curves in Figuse 7, es the oxygen 

pressure 1s raised the potent ia l  becomes more anodic. 



Convection h.8 but 8 small influence on the currents in the80 

maSUr8-BtS. 



MOTE ADDED PROOF: ---- 
The equation 1, 

H+ + eo (Hi) - B H N i ,  

i r  bettar written according to Bekcr20 as 

Thus the pachaniso propored w i l l  soneist of thme steps 

as follms: 
i 

8 .  2 cd i- 4 ORo -4 2 Cd (OH), -k 4e" 
i 

bo 4 E20 + bo (l81)-#4 H 0 Hi + 4 OHo 
k 

c 0  % + 4 H 0 ni --%! H,Q + H i  

2 Cd -k 2 40 f 0 2 4 2  CB (SXI, 
t o ! p -  

Bsactioas a a d  bnio 8 corrorion reaction 80 that the curxent f shown 

a8 the rate ir the corrosion rate, not the charge rate, IJhen o cell 

fa overcharged th. corrosloo rate mry or wj not be altered, If it 

l a  altered, then reactiaa b w i l l  have a cor~osisla current different 

from that of reaction a, th8t is: > ib- i,. Fhus the stage of charm 

of the acgatlvee C.R remin unaltered while the chemical reaction C is 

not directly affected by tho current ib, bur is rnc~aly affected by the 

partial praesure of oxygen and the degree of surface coveram of the 

H i  mtrlx by hydrogen .toms. 



Introduction 0 f i l s  ph8se of the work is concerned with the undet8tirndfng 

of c h 8 r g ~  efficfmncy of sealed oickol-cadmium celle a t  temperatures below 

77OF. fhc argbriimnts performed during t h e  eighth quarter were d e s i 8 ~ e d  

fo r  c b r p  at  constmat current. 

lamt qtmrtat; call8 w e r e  ala0 charged a t  controlled potential .  

method, the cell. are c b r m d  by a pavsr supply which (through 8 semiag 

c i r c u i t  t ha t  €8 prseefit to some daaired value) tendo to maintain the cell 

voltage at a fixed potent ia l  r f t a r  the  current rcqulrumnts f a l l  within the 

c8pabi l i t iee  of the charger. A t  the beginning of charge t he  current surges 

to value cotmiateat with the cell reaistance and polarization, aud then 

falls with t ime to s m  assymptotic value.  This nethod lends itself very 

?or work at  cold temperatures during t h i s  

In t h i s  

w a l l  to law tcmpr8ture work because (1) the cell voltage l a  l imited,  and 

(2) great de81 of ch8rw any ba put into the c e l l  before the current 

falls to a law value which may bo safe enough for continued svercharge with-  

out the production of high g80 promsure#. However, the surge current tapy 

be too high to permit  safe charging, so t h a t  a s e t h a  resfs6or is often 

introduced into the c i r c u i t  to l i m i t  the  r u r g e  current. In t h i s  case, the  

charga proceed8 8t a current f w d  by the resistor for a t h  BepeadPng 

upon the cell polarization. After thim, the current decreoaes to i o a ~ o  l o w  

value. 

6ha voltage drop across the resistor t s  bolgtigable. 

employed in the work to be described. 

The r e s i s t o r  is m$y affect ive at  high currants; 8t lw currents, 

Thfs W 8 8  the method 

Bxperirmntal Rocedureo - 
1. Low Temperature Charge Efficiency Studies at Constant Current 

The six ampere-hour sealed cetlls which were employed in the high 

temperature charge efficiency experbents  were used in the present tests. 
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Tha all8 were divided into groups containing three eella which were brought 

to -raturea of -1S0, 00, 2S0, 8nd SOOF. A t  each tapersturc ,  o m  0011 

W 8 8  char@ 8t o m  of the 8abcted rates which were 0.6A, O.%, and 0.1%. 

Rtriag each charge, tb c h a m s  in cell prermura were noted. 

0 

iha charges 

lattrly ineerrupted. 

torlag the cell prcsrure. 

rtre courie of the self dischargB waa fot1aw.d by mi- 

Whn ehio teot  was completed, tha ce l la  Were prersutlzad to 50 

The caarequont prurrure decay vas rnonitootd 3.n the 8- p i 8  of oxygen. 

m8nmr 80 the eelf dircbrgrr. 

After th prmaaur8 &ea9 taat, u c h  call  wa6 discharged at  3A to 
0 

1.0 vol t  for capacity. 

A.ppar8tw for coatrolled potantit1 zhrtging vas assantbled accord- - to the citcruit ahawn in Figure B o  

lambda MOd.1 L A100-03A, which is upable of supplying a regulated output 

The power supply employad was the 

Of l ip  to  % Volt. 8t 8 t a m n t  Of 10 

Three 6 AH sealed nickel-cadmium cella (after being given four 

s t a b i l l z n t ~ o n  eyclco (lid da8ctibed In the 8th- bqwtt], weee given 8 twenty- 

four hour atand in a celd box to reach 0%- "&a celle were than charged 

8t 1.55 and 1.60 volts respectively. Teste were made and data collected 

In tha same nmuwt du previously described for tb ccnwtant: current work 

(prcrasureriseduriug charge; presrutc change during charged stand, and 

pressure decry) .  
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&i@3:bBIBUl - 8 U I t 8  

The pressure changes of the  cells during charge havb bten plot ted 

for the various charge rates and tempraturas ,  and ate shown i n  F w r e s  

6 0 9. A t  temperatures of SO" and 2 5 9  (Figures 9 amiPQ the charge input 

f o r  inftirtion of gao evolut ion decreased with increase in chargt rate and 

decre8oa in temperaturea as found i n  the high Ciezaperatura t e a t  r e s u l t s  

given in tbh prwious report. However, 8 8  the teqerature is fur ther  de- 

creased, f f r a t  to O°F (Figure ll) and then to -15% (Figtarel2 ) , the order of 

d@;pccadeaca oa C b a r g t  rate for the onstt'af gas evaautlon is inverted. 

charge input required f o r  i n i t i a t f o a  of gust evolution increases a8 the 

charge rate ir increased 8t there low teaperaCu-a3* 

The 

b t h e  teaqerature is 

decreased, the h p u t  fo r  the onset of gas svolutian it3 s leo  decreased. 

was aotd also, that rhe g a o u  in tbe v u i o u s  cells during char-, except 

as the  0.115A rate at SOOF, were found to  contain hydrogea, even when s t w d y  

It 

state prcssurso were t i t te imd.  

The ch8rge input required to prduce gas is plot ted as a function 

of charm current in Plgure 13. 

8.3 var ies  conrfderably with charm rata and temperature. 

pragreesivaby greater inputs ate associated with the  onset of gas evolu- 

t i on  8s  the  charge rate is decreased and the temperature is :Increased. 

Rowever, a t  0 and 15 F, 81thwgh tba dependence of input  f ~ t  gas formstion 

upoa temperature ir the aam 88 given above, the order 8ccording to rate 

i r  reversed. 

puts 8re obtained 88 the charge ra t a  is incrsarsad. 

cates that  there I s  an inversion p i n t  between the 0" and 2S0 isotherms. 

This inversion point is c lea r ly  shown i n  Figure 14, where the charge input 

to  start pressure rise is plotted versus tsmpcrorura. The inversion temp- 

The c a p h  shows that- the input to prodcce 

A t  25O and 5OoF, 

0 0 

The Oo axxi 1S0F isotherm rhaw thee pro$ressivaly greater  in- 

%'his phenomenon indi- 

o 



e ra tu re  is in th vic in i ty  of loop. 

rtLc self-digcharge curve@ obtained after charge interruption are 

given in Figures 15 0 18. 

" in i t i 8 l  rates of pressure rise" increases with increasing trmpar8ture 

8nd 8180 with ch8rw r8t8, while the dwell  time at the ghte8U decreases 

with iocrc8siag touperrturn. 

Again, as was given i n  the Egghth Report, the 

(&e Table 11) 

The preaewre decay d8t8 obtaismd 8Emr each ceif  was prelesurised 

to 50 p i g  with oxywn are plotted i n  Figures 19 - 22. 

8ra 8apwtwb.t 8cattend. an sxrrriarrtiou of these curves ehws khat t he  iai- 

ti81 pre6eure decay r8ta8 a p 8 r  to increme with temperature. 

Although the data 

The cell C 8 p ~ i t i ~ ~  obt8iacd k f t e r  d8schdarge 8t 3 A to 1-0 v u l t  

are l lated OIL Table 1x1. 

The pre1Lf lury  results obtained from 1.60 and 1.55 volt cdbntrolled 

pst?nti.l .char&- 8t 0% are rhawa is Figures 23 and a. 
curve plotted in ?igure 20 for 8 1.60 volt chrrge, i 8  typical of thia  nethod, 

8 8  described earlier. 

.rea uuder the curve up to th8t  tim, 8ad i o  given by the expresaion: 

The curren t - t im 

A t  8ay time t ,  th@ charge input Q is -1181 to the 

Q i;: 
The rrma under the cum8 V88 intagr8ted uri- a pfmheter .  

The ch8rge h p u t  required for ga6 evolution occurred approximately 

one mqmre-hour earlier fo r  the 1.60 volt charge, than for the charge 8t 

1.55 volts. 

In ligurer 21 is 8hava the  self-discharge curves obt i io sd  a f t e r  

ch8rgs a t  the two controlled 

discharge rate is highar far 

patenti81s. 

the 1.60 volt charge than for the charge a r t  

These! curves show tha t  the self- 

1.55 volts. 
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Discussion 

Tht discussion in 

be a 8 s o c l ~ t e d  

thr Eighth Report indicated tha t  

w i t h  

OQ. is the  oxidatgon of w 8 t . r  at 

sccomd is the  reduction of water 

addition, 8 t h i rd  r 6 8 C t b n  0 t he  

chary ef f ic ienc ies  of lese  

two electrode 

than unity. 

the poaitPve to form QXymn, and tb 

at  the prgativt, to  form hydroma. Xn 

foromtion of water as a consequence of 

the mgative ca,cstra& - smld S e w @  56 

pressure, The occurrence of the firrt 

two reactions was in evidence throughout these t e s t e ,  while the th i rd  was 

str'ongay suggested, i n  8- c b s c ~ ,  by t h e  r e r u ~ t ~  obt8ined. 

Consider Figures 9 0 12. A t  these Bower temperatures, hydrogca 
0 is obt8iaed, except for 50 P, w h r a  o x y e n  fa  found at thea 150 ma rate and 

a ahare of hydrogen and oacygen i r  found aut the 300 ma rate. At the B o w  

temparrturar and nlrt lvely hlgh charge rates hydrogen is evolved at the 

omset of p r e u u r e  rim. Phi. hpli.8 decrease in charge eff ic iency for  

ttm a t e t i v e  electrudee uadbr these conditions. In order t o  make C Q ~ C X U -  

sione about the positive clectr&r with regard to eff ic iency,  addi t ional  

b u  t8te conatant current work 8t higher temperature8 is needed, and w i l l  

be parformad d u r i q  the asnt q w t u r .  

mce of steady state. w i t h  bydrown, obtained for the f i r s t  time in thcae 

Of equal si@tificence is t h e  uppear- 

tests. This shows tha t  oxygen has r88ched the negative, 8 8  in the high 

bmperatura tes te .  One way to express t h i s  interact ion between the poei- 

t i ve  aad negative elcctradea, is t o  ray  t h a t  the positive is not inef f ic ien t  

enoush t o  enhance depolar i r r t ion of the agstiva,.  Another way of s t a t i n g  

t h i s  concept would be (since predomilvrntly hydrogen is produced as the 

tmnperrrture i8 lovered) to m y  that  even cat these I-- charge 18te8, the 

negative i a  f i r s t  passivated aad then d e p o l a r h d .  



The low temperature ime te ion  phencmeaoaa ehown in Figure 11 iadi- 

cates th8t  the net e f f e c t  of decreasing temperature and charge rate may 

er rve  to decreaee the af f ic ieacy  of tbo negative r e l a t i v e  to  that: of. the 

positive. 

The r e r u l t s  obtainad during self-discharge (Figures 1s 18) from 

the work rsperted here mare aiailar to these obtaiaed durfng the high tmq- 

e ra tu re  tea t s .  

dicate that thesr r8tes are cbrge dependent 88 vel1  as temperature de- 

padeat. As the charge r8te ir doubled e8ch s t e p  in going from 0.15 to 

phe i n i t i a l  self-discharge r8eas tabulated in Table I1 in- 

0.30 to 0.60 a m p n i t ,  the decry  ratee aleo double, eseantdally fo r  each 

current  step. 'phe in i t ia l  self discharge rete approximately deubAee for 

40 to 50% temperature rise. 

3% cea1 c8prcitier in them t e a t s  do not, as was mntioaed in 

the ELghth Report, give infomation ng8rding tela ef f ic iaacy ,  since the 

charge input for e8ch cell war different .  

These discharges were car r ied  o u t 8 t  roo1 temggrature after a 3-day sund.  

A t  them lower temperatures the capacities still  rsnmia above 6 AH. 

These data are shown in Table 111. 

It 

dm8 appear t h a t  the bweb thr tsaprr8ture the more e f fec t ive  is Q hi-r 

charge rate. For instance, 8t 0' and -15OF the cells ch8r-d 8t 0.6 A 

yielded 7 AH 8t roam temp@r8tura. 

previour, report for 3 and 6 A ch8rges at 77 and 90°F. 

mclsaing of high charge r8te depends upon temperature. 

rat8 is not 8 high Charm rata which it ie  ( i k t  0%. 

This ie  reminiscent of the data  i n  the 

In a senae, the 

At 7 7 9  the C/%O 

me quant i ty  of e r p t i w n t a l  d8te is i m u f f i c i c n t ,  8t  present, 

to give any 81swlpsir of cell bebavior under controlled poten t ia l  charge 

conditione. Rowever, tbis work ia being c m t b a t a d  80 t ha t  addi t tonal  work 

w i l l  be 8vail8blc for evaluation in the next report ,  



t!?” 

the V8-6 HS m?lls on 50% depth continuous automatis cycla w i l l  

C O ~ ~ ~ R U E  i n  thefr cycle routine.  

, Furthar work w i l l  be done on the reduction of oxygen 8t the; c8d- 

miiim electrode. 

sec t ion  w. 

Details of the axperimsnta% work appear at  the end of 

Details of t h e  experinnant81 work ~ ~ ~ t m i a p l a t e d  for the chIsrge 

e f f ic iency  s tudies  appsnr et  the end of Sactien V,‘ 

Charge eff ic iency etudier &t contrcl led petsntlal! will be CQW 

tlnued and completed. 

C l d d i t i w l  conatant currant charge at 0.15 end 8 . 3 A  e t  77OP 8nd 

90°F will be ma&. 

Additional pol=o l l r .phfC studies w i l l  be -de at tho s intered 

electrode. Current t h  affect8 w i l l  8100 be ~lu8surcd. 

$%u solutions a t  high 02 concentration during c8thodic polar* 

hation w i l l  be t es ted  for AZO2. 

It w i l l  be determimd wbether there is 8 l ag  i n  oxygen consump- 

t ion upon c m n c e m n t  of ca thodiu t lon ,  8ad whether oxygen consumption 

coatinuas after current intmrruption. 



30. 

The following 6t8ff personnel worke4d om this project during 

the past quarter : 

DIRECTOR OF RESEARCH 

ASST, DIRECTOR OF RESEARCH 

SEIXOR CBEHXST 

ClZ3fICA.L E206ImB 

HECEAHIcLIl, EBGIXEER 

C"IW E106Imnt 

PHpSIcAt CHBIIST 
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